INTRODUCTION
Silicon dioxide or silica is the most common mineral on Earth. Its application is therefore very attractive and stimulated in many applications, beside its use in construction materials such as cement and glass, it is important in catalysis in which it is used as a support and in chromatography, electronic devices, but also in food, pharmaceutical applications and in biomineralization. 1 Different reviews summarize its chemical properties. [2] [3] [4] An important feature of silica is the existence of a large variety of polymorphs composed of SiO4 tetrahedra. The high flexibility of the Si-O-Si bond, with a bending energy barrier about 4 kJ/mol 5 is responsible for the great number of existing polymorphs, either natural or synthetic: several crystalline forms such as quartz, cristobalite, tridymite, diatomite, and edingtonite, noncrystalline glasses or sol-gel phases, and micro/mesoporous materials. In this study we focus on the amorphous polymorphs, which alike other amorphous materials are a challenge for modeling.
The silica surface shows undercoordinated atoms, such as three coordinated Si atoms, terminal oxygens, and strained Si-O-Si bridges in small size 2 and 3-membered rings. These silica defects react with water in ambient conditions to form surface hydroxyl groups called silanols 3, 6, 7 which can make the surface hydrophilic. In contrast, a non-defective clean SiO2 surface is hydrophobic. [8] [9] [10] [11] Due to the amorphous nature of silica, the classical diffraction techniques cannot be used to give structural information. Yet its surface exhibits a rich diversity of chemical groups.
There are different types of silanols that exist on top of silica surface which are schematically presented in the Figure 1 . The first general distinction is between the single and geminal silanols. Single silanols are bound to a Si atom involved in three Si-O-Si siloxane groups, whereas geminal silanols complete the coordination sphere of a Si atom involved in two siloxane groups. Silanols can be also associated with Hbond interaction with other silanols or siloxane bridges. Although many authors 9,10,12-14 discriminate vicinal silanols as one of the existing types of SiOH groups, their exact definition is sometimes different in different papers 9, 12 and spectroscopic characterization is rather poorly established. Because of that, we are not distinguishing and discussing vicinal silanols in this paper. We treat vicinal silanols as single, since they have one -OH group attached to Si atom, in contrast to geminal silanols ( Fig. 1 ). The most important chemical functions of amorphous silica, surface silanols on the surface, have been characterized mainly by means of vibrational spectroscopies and NMR: IR 15, 16 , Raman 17,18 and 29 Si MAS, CP-MAS 9,19-22 and 1 H MAS [23] [24] [25] [26] [27] [28] [29] [30] NMR.   The silanol SiO-H stretching frequencies of H-bonded silanols are observed around 3550 cm -1 , while isolated silanols vibrate between 3747-3750 cm -1 . 2, 3, 15 Theoretical studies have complemented the lack of information using different approaches. First, force field calculations have allowed to propose large size models (several thousands of atoms) of amorphous silicas, which have been validated with experimental data such as Si-O-Si angles, Si-O bond lengths, and ring size distributions. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] The bulk, surfaces, and their reactivity toward water to generate a hydroxylated surface have also been studied. 14, 31, 32, [42] [43] [44] [45] [46] [47] [48] [49] [50] Second, ab initio calculations combined or not with classical MD (molecular dynamics) to understand adsorption sites and the chemical reactivity of the anhydrous surface 14, 44 and hydroxylated amorphous silica 14, 49 have been performed as well.
An interesting example of amorphous silica are the mesoporous ordered materials, such as MCM-41. [51] [52] [53] This material is described by a hexagonal array of roughly cylindrical, straight, unconnected pores which diameter can be engineered. Mesoporous structures usually have a high surface area, as well as a high pore volume, which make them very attractive as catalytic supports. MCM-41 can also be used to adsorb different molecules, including biomolecules, in confined spaces. 54 Nowadays, this material is very commonly used as a support for nano-objects. However, theoretical investigations are significantly limited due to the lack of appropriate models that well and accurately describe the real material and enable effective computation at the same time.
In this work, our aim is to obtain calculable models of MCM-41 which are as close as possible to the real material. This is particularly important, since we aim to use the developed models here to be further applied in theoretical studies of adsorption or as a support for modelling active sites in catalysts. In 2008 one of us presented, characterized and verified a full DFT amorphous hydroxylated silica model, 55 which was recently successfully employed in computational studies of Cr, [56] [57] [58] Mo, 59 W, 60 V, 61 Nb 62 and Au 63,64 oxide centers on SiO2. Other examples of applications were also investigated in the field of adsorption of bioorganic molecules, [65] [66] [67] surfactants, 68 and ionic liquids. 69, 70 Here, we are using this previously developed silica slab 55 to prepare mesoporous structures. Although some models of MCM-41 material were postulated in the literature so far, all of them, beside one, are limited to molecular mechanics and kinetic Monte Carlo techniques. [71] [72] [73] [74] Only Ugliengo et al. 75, 76 studied MCM-41 at DFT level (B3LYP), however, the model developed by the authors is characterized by the high silanol density (7.2 OH nm -2 ), which seems to be too high to account for adequate representation of the real MCM-41 surface. That model has been recently redefined including dispersion interactions and used in the static 77, 78 and AIMD 78 studies of drug molecules adsorption in confined spaces, however, the silanol density remain unchanged. One should note that small cluster models of mesoporous material studied at B3LYP level were also published, 79 but they are far from being realistic.
In this work, six realistic models of MCM-41 mesoporous material, characterized by different degrees of hydroxylation, expressed as a function of their silanol density, are reported. More specifically, models with the 5.8, 5.8 with H2O inside the pores, 4.8, 3.6, 2.3 and 1.7 OH nm -2 (models A, B, C, D, E and F, respectively) are studied. Those models describe MCM-41 surface at different temperatures and/or water vapor pressures. It is worth to emphasize here that such a comprehensive and extensive DFT study on modeling of MCM-41 structure have never been done before.
COMPUTATIONAL DETAILS
The geometry optimization was performed using Pardew-Burke-Ernzerhof (PBE) functional 80 implemented in Vienna Ab Initio Simulation Package (VASP). [81] [82] [83] This functional was previously successfully used to model amorphous silica structure. 55 The electron-ion interaction was described by the projector augmented-wave (PAW) method. 84, 85 Standard PAW atomic parameters were used with a cutoff energy of 400 eV. To account for dispersion interactions, single point energy calculation were performed at PBE-D3(BJ) level. 86, 87 To determine harmonic vibrational frequencies, Hessian matrix was calculated by the finite difference method, i.e., each relaxed ion was displaced in the direction of each Cartesian coordinate and the Hessian was determined from the forces. Taking the limited computational power into account, as well as the size of our models, only silanols, i.e., Si-OH groups, was considered in the Hessian matrix. For the graphic presentation of the models developed, Materials Studio 5.5 software was applied. 88 To obtain model B, where water molecules are inside the pores, Packmol package 89, 90 was used. Packing procedure were done with the initial water-water and water-MCM-41 distance of 2 and 3 Å, respectively.
In some cases, several H2O molecules had to be displaced manually, in order to obtain optimizable geometry of the whole system. Then, a full relaxation of such model were performed with the fixed unit cell parameters.
The dehydroxylation energy Edeh(T0) of removing water molecules from the high hydroxylated surface to obtain models with lower silanol density was calculated adopting the following equation (1):
where Ei(T0) and EA(T0) are the PBE-D3(BJ) energies at T = 0 K of partially dehydroxylated (C-F) and
high hydroxylated (A) models, respectively, n is a number of water molecules removed in considered 6 dehydroxylation step and Ewater(T0) is the PBE-D3(BJ) energy at T = 0 K of an isolated water molecule calculated using the same unit cell dimensions as in the case of MCM-41 models.
To account for temperature and water partial pressure dependence, the Gibbs energies Gdeh(T,p) were estimated assuming that differences between the Gibbs energies for condensed phases are equal to the differences in their calculated electronic energies and only contributions to enthalpy and entropy of gas water molecule are included (equation 2), following the procedure described by Digne et al. 91 :
where p0 = 1 atm, T0 = 0 K, R -gas constant and gdeh(T,p0) is the Gibbs energy correction for H2O molecule calculated from statistical thermodynamics using PBE functional 80 combined with def2-QZVPPD basis set 92 implemented in Gaussian 09 set of programs. 93 AIMD simulations were also carried out with the package CP2K/Quickstep, 94 
RESULTS AND DISCUSSION
The structural properties data into account, we designed the pores in our models with a diameter (including silanols) between 27 -33 Å. This range also well corresponds to other theoretical studies. [71] [72] [73] [74] [75] Hence, our first model of MCM-41 material (A) was obtained by connecting three identical, slightly modified amorphous silica slabs 55 It is well known that the walls of the real MCM-41 material are amorphous. Our models represent that feature, since we used our previously developed silica slab 55 71 suggested that the wall thickness of MCM-41 material is approximated to be smaller than 10 Å.
As far as the T-site (SiO4 tetrahedron) density is concerned, a value of 8.6 T-site nm -3 is calculated, which correlates well with the models proposed by Ugliengo et al. 75 (8. 2 T-site nm -3 ). It is also in accordance with previous models obtained through molecular mechanics or kinetic Monte Carlo simulation. [71] [72] [73] [74] Nevertheless, T-site density of the wall was also measured, i.e., density without including the volume of the pores, yielding 25.4 T-site nm -3 . This value is in agreement with the experimentally determined density for MCM-41 (27 T-site nm -3 ). 72 The calculated T-site density of the wall corresponds to wall density of
9 about 2.8 g cm -3 . 105 The wall density of MCM-41 reported in other experimental 72, 104 and theoretical 72, 74 works are found to be in a range of 2.15 -3.0 g cm -3 , thus close to the results of our calculations.
An important structural property, that each model of amorphous silica should well predict, is the distribution of the siloxane ring sizes. Our model contains mainly four, five and six-membered rings, however, one can find some larger rings, i.e., containing seven and higher amount of SiO4 tetrahedra ( Figure 4) . The small three-membered rings are also present but they are (should be) in minority due to their high reactivity. As expected, two-membered rings are not seen, since they are too strained. 4,55,106 it is about 1.60 -1.61. [108] [109] [110] Similarly like in the case of our amorphous silica slab, 55 The crucial feature of each type of silica, including also MCM-41, is the characteristics of the surface silanols, since they are responsible for chemical properties of the surface. Model A, with a surface silanol density of 5.8 OH nm -2 , corresponds to our previous amorphous silica slab. 55 The reported surface silanol density fits to the experimentally estimated amount of silanol groups on a hydroxylated surface of amorphous silicas at ambient conditions (4.1 -6.1 OH nm -2 ). 12, 111 It is also close to the values reported explicitly for MCM-41 material at room temperature (RT), which is in the range of 4.4 ± 0. , which is also consistent with the experimental data (61%). 12, 111 The Si-OH distances on selected sites in the different models are reported in Figure 5 .
The effect of dehydroxylation and thermodynamics
To simulate surface of MCM-41 material at different temperatures and water partial pressures, we developed models with 4.8, 3.6, 2.3 and 1.7 OH nm -2 (models C-F), by removing 6, 13, 21, and 25 water molecules, respectively, relatively to the model A. The partial dehydroxylated models of MCM-41 material (C-F) were not arbitrary modelled, but can always be obtained from more hydroxylated ones by elimination of several H2O molecules. The nearest hydroxyls were condensed first to form siloxane bridges and H2O molecules. We started removing silanols that were involved in H-bond interaction and then -if it was necessary, non-H-bonded silanols -until the desired silanol coverage was achieved. Hence, we obtained our dehydroxylated models based on distance criteria only. Similar approach was used by other authors as well. 14, 75 Dehydroxylation of silica surface, including mesoporous structures, occurs over a wide range of temperature, 12, 13, 111, 112 so, the energy of each dehydroxylation step depends on the local environment of the leaving silanol group. Otherwise, all silanols would condense in a much narrower range. In particular, the amount of water molecules released form the surface as a result of silanols condensation should affect dehydroxylation energy, i.e., the more dehydroxylated model, the higher Edeh. Indeed, according to our calculations ( b c a Figure 6 shows the stability of each dehydroxylated model of MCM-41 studied, in terms of Gibbs energy of dehydroxylation as a function of temperature and pressure. The water partial pressure equivalent to ambient air water partial pressure was chosen equal to 10 -2 atm. 113 Additionally, the stability of each model is also presented at 10 -5 atm and 10 -9 atm. Considering dehydroxylation at 10 -2 atm (Figure 5 a) 115 as well as up to 3 OH nm -2 112 is also reported. At lower water partial pressure (Figure 6 b, c) , which are more typical in experimental studies 13, 79 , stability of our models are shifted towards lower temperatures.
One should note that the presented values are reported for equilibrium state which might be hardly achievable during experiments.
The basic properties of each dehydroxylated models do not change significantly. Because of that, we will only discuss here the calcined model F (Figure 2 ).
After releasing 25 water molecules form A the pore size diameter (including silanol groups) becomes slightly longer, wall density is smaller, whereas wall thickness remains almost unchanged (Table 1 ). This is in agreement with the high number of silanol pairs which were removed from the surface. Experimental studies suggest 12,111 that most of silanols that still remain on the surface after high temperature calcination are isolated (non-H-bonded). This well agrees with our results (Table 1) where among all 20 silanols, only 35% are involved in H-bond contact with neighboring siloxane bridges. Additionally, none of the silanols interact with other Si-OH groups, because they are well dispersed now. According to our model, geminal silanols are not presented on the surface at high temperature, in agreement with the experimentally determined dominance of single silanols. 78 Silanols condensation increases number of -O-Si-O-Si-O-rings in the MCM-41 material. Our calculations suggest, that after high-temperature calcination, mainly three-, four-and five-membered rings are formed, whereas number of larger rings remains almost unchanged, in comparison to the model A (Figure 4) . A few strained two-membered rings are also present. Nevertheless, the ring size distribution is similar to that for the model A with 5.8 OH nm -2 .
The solvated model
Having prepared several models of MCM-41 material, which describe properties of this mesoporous silica at different temperatures, next we study this system with water molecules adsorbed inside the pores. To this end, the pores of previously developed model A (stable at RT) were filled with 213 water molecules randomly oriented and located. The number of water molecules corresponds to the experimentally determined amount of H2O adsorbed in cylindrical pores of MCM-41 material (about 0.5g H2O/1g MCM-41) 115. Hence, including the average pore size diameter of about 30 Å, the density of water in the pores is about 0.7 g cm -3 . The obtained value is quite close to the results of other studies. 113 Then, the whole system was fully relaxed with fixed unit cell dimensions. As a result, model B with the molecular formula Si117O482H496 (1095 atoms in unit cell) were obtained (Figure 2 ). In this model, the same unit cell dimensions, silanols density, silanols type distribution, pore diameter, wall thickness, wall density and geometric parameters was found as for model A ( Table 1) .
As expected, most of the 30 non-interacting silanols of the model A are now (model B) involved in Hbond contact with water molecules, either as a donor or an acceptor of hydrogen bond. After filling the pores with the water molecules, most of the remaining 40 silanols, which were involved in H-bond interaction with other silanols or siloxane bridges in the model A, still remain interacting with each other (model B). Nevertheless, some of them are also able to create new H-bond with water molecules, finally giving 37 silanols on a total 70, on which the water is adsorbed. Further analysis showed that 7 silanols are able to interact with two water molecules at once and none with more than two. Water molecule can be also adsorbed on two neighboring silanols (two H2O molecules in our model). It is clear that as far as the water silica interface is concerned a molecular dynamics study should be performed similar to our former studies on a silica slab model. 105, 116 The average binding energy of H2O molecule in the model B is 54 kJ/mol, whereas in recent paper 55 it was 46-50 kJ/mol. Hence, the results obtained for MCM-41 models and silica slab are comparable. Taking dispersion interaction into account, the average binding energy of H2O in the model B is 64 kJ/mol.
The vibrational properties
In order to further verify our models of MCM-41 material, we have simulated the IR spectra of systems A, B and F in the extended OH stretching frequencies region (4000 -2000 cm -1 ). The obtained results are summarized in Figure 6 . One should note that comparison with experimental data 13, 118 is not straightforward, because the shapes and shifts of calculated spectra (Fig. 7) are different. This is because we do not scale nor fit the frequencies like it was done elsewhere, 75, 77, 78 so, quantitative comparison with experiments is a difficult task. On the other hand, more important is the qualitative comparison. In that case, our results simulate very well experimental data, since the position of all bands are in a good agreement with experiments.
Starting from the simulated spectra of model A, it is seen that the OH stretching vibrations occur between 3821 -3033 cm -1 , which can be divided into three domains. The highest values (3821 -3787 cm -1 ) are calculated for non H-bonded silanols. Then, we observe a domain (3787 -3699 cm -1 ) corresponding to either H-bonded acceptor or non-H-bonded silanols. The third domain is the broadest, and lies between 3699 and 3033 cm -1 , and corresponds to the H-bonded donor silanols. Additionally, it is also worth to mention, that each -OH moiety of H-bonded geminal silanols do not vibrate with the same wavenumber, due to different interaction with neighboring silanols. Our results correlates very well with the spectra of real MCM-41 material. Experimentally, sharp bands are observed between 3747-3737 cm -1 which are assigned to non-H-bonded silanols 13, 112, [118] [119] [120] , the bands at around 3715 cm - 1 118,119 to H-bonded acceptor silanols, whereas the broadest bands, with the maximum at around 3536-3520 cm -1 are assigned to Hbonded silanols, either acceptors or donors 13, 118, 119 . with the signal from water aggregates adsorbed on the surface. The latter are experimentally detected between 3600-2700 cm -1 . 117 In the case of the model representing MCM-41 material after high-temperature calcination (Figure 2 , model F), narrow spectra are simulated (Figure 7) , with the OH stretching frequencies region of 3826-3503 cm -1 . The bands at 3826-3791 cm -1 correspond to non-H-bonded single silanols, whereas at 3791-3503 cm -1 to silanols being donor of H-bond to siloxane bridges.
Ab Initio Molecular Dynamics investigation of the interfacial water layer.
In the static models, after optimization, no information is given on the mobility of the water molecules inside the channels. In order to shed some light on the dynamical properties of water, we performed a AIMD including dispersion corrections. One of the questions to ask is: Can we rationalize the water mobility towards its positon in the channel? Previously, the water/SiO2 interface has been studied in detail at the AIMD level 106, 117 and at the FFMD level [45] [46] [47] [48] . It is not the aim here to develop this point in detail, however some remarks are interesting to be mentioned. When DFT results are compared with empiric FF results important differences are observed. Especially the interaction of the water molecules with the surface silanol groups. In DFT studies the "ice like structure" of the first water layer at the surface is observed whereas in FF the water molecules are found to be more mobile. Nevertheless, one should mention here the experimentally observed high affinity of water towards the hydroxylated silica surface, especially observed in when water is competing with amino acids. 67 In order to find any explanation one should answers to questions involving the following parameters: Time scale, FF and functional quality, size of the model, confinement, the silanol density and distribution. Here we present in short our results on the MCM-41 model which agrees, without any surprise with the Silica slab model. 55, 117 The first water layer is strongly adsorbed on the silica wall of the MCM-41 channel having a silanol density of 5.8 OH/nm -2 , as can be seen in Figure 8 , the blue colored water molecules in the model stay close to the channel surface and do not diffuse for a sampling time up to 8 ps. The mobility of the first shell of water around the silica is qualitatively very low as is shown in Fig 8. The water molecules of the first shell displayed in blue at the time 3 ps after the equilibration. The snapshot after 6.5 ps shows that the water shell is almost identical to the one after 3 ps.
In Figure 9 the distance distribution between silicon and hydrogen atoms is presented. The fist peak around 2.3 correspond to the Si-H distance of the silanol groups. The second peak between 3.3 and 4.5 corresponds to the fist shell of hydration. Its bright is interpreted by the large number of different of silanol groups involving several kinds of hydrogen bonds. More details of the AIMD analysis concerning the radial distribution functions can be found in the Supplementary Information.
CONCLUSION
In this work, a series of periodic models are presented to describe properties of MCM-41 mesoporous silica -an important material and a popular catalyst support. We have prepared and verified six models of MCM-41 that follow temperature dependence of silanols density. In particular, models with 5.8, 5.8 with water inside the pores, 4.8, 3.6, 2.3 and 1.7 OH nm -2 have been developed. We have shown that our models represent very well the surface of real MCM-41 silica, as evidenced by the comparison with available experimental data, and are improved compared with earlier published models [70] [71] [72] [73] [74] . The simulated IR spectra additionally confirms that our models are realistic. For the first time such comprehensive theoretical studies, including the high level of theory and AIMD, have been performed for MCM-41 material.
Comparing our models of MCM-41 material to that published by Ugliengo et al. 74 it is worth to note that in our model the unit cell dimensions as well as the number of atoms belonging to the cell is smaller, and thus more suited for applicative calculations due to less demanding computational power. Hence, we believe the models developed in this work can be applied in further studies of adsorption processes or they can be used in the modelling of the catalyst supports, because they are realistic and enable effective computation in reasonable time.
